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Cosmetic hair bleaching is a popular procedure applied all over the world to lighten hair for aesthetic purposes. It is based on the oxidation of melanin pigments upon treatment with hydrogen peroxide and persulfate salts under alkaline conditions (ammonia or monoethanolamine).[1](#open201800013-bib-0001){ref-type="ref"} In addition to the desired lightening results, hair bleaching is known to cause damage to the hair shaft over repeated treatments,[2](#open201800013-bib-0002){ref-type="ref"} and this has led to a recent increase in popularity of "plex" technologies. The term plex refers to a number of products marketed under diverse brands, containing different active molecules, which claim, for example, to repair damage, prevent breakage, or give strengthening effects.[3](#open201800013-bib-0003){ref-type="ref"} Despite being used by millions of consumers, to the best of our knowledge, no experimental data are published to elucidate the stability or reactivity of these products in the strong oxidative environment of the bleach products.

Generally, persulfate, in combination with hydrogen peroxide or alone, is known for its ability to degrade organics, after activation with heat, transition metals, ultraviolet light, or other means that produce the sulfate radical, and it finds extensive use in groundwater remediation.[4](#open201800013-bib-0004){ref-type="ref"} Also, without activation, the persulfate anion is known to react with some organic chemicals, although with slow kinetics.[5](#open201800013-bib-0005){ref-type="ref"} Recently, persulfate salt has been shown to be a suitable reagent for the remote C(sp^3^)−H oxygenation of protonated aliphatic amines.[6](#open201800013-bib-0006){ref-type="ref"} In general, organic peracids have been described to oxidize aliphatic amines to hydroxylamines and further to oximes.[7](#open201800013-bib-0007){ref-type="ref"} Azanyl ester derivatives, which will be shown in this work to be a major reaction product of the ether‐diamine in bleach, have been successfully synthesized starting from the corresponding hydroxylamine and chlorosulfuric acid.[8](#open201800013-bib-0008){ref-type="ref"} To the best of our knowledge, the synthesis of azanyl esters starting from persulfate has not previously been described in the literature.

Herein, we propose, for the first time, an approach to characterize the stability and/or reactivity of the so‐called plex ingredients in cosmetic bleach, hence, in the presence of an excess of persulfate and hydrogen peroxide. We provide both experimental and computational proof of the reactivity of 1,13‐diamino‐4,7,10‐trioxatridecane (Figure [1](#open201800013-fig-0001){ref-type="fig"}), a molecule manufactured by the chemical industry for epoxy applications, which is, nowadays, prominently featured in the patent literature as a hair repair agent, both in combination with an organic acid or as a stand‐alone active ingredient.[3e](#open201800013-bib-0003e){ref-type="ref"}--[3j](#open201800013-bib-0003j){ref-type="ref"}

![1,13‐diamino‐4,7,10‐trioxatridecane.](OPEN-7-319-g001){#open201800013-fig-0001}

The reactivity of the diamine was first investigated by ^1^H NMR spectroscopy in a model bleach, prepared by using deuterated water, ammonia solution in water, ammonium persulfate, and hydrogen peroxide (details in Table [1](#open201800013-tbl-0001){ref-type="table-wrap"}). Spectra were recorded at time 0, 12, 48, and 144 h and compared with a control.

###### 

^1^H NMR experiment setup. Aliquots of these solutions are directly measured in the NMR spectrometer.

  -------------------------------------------------------------------------------
  Chemical                                   Weight\   Volume\   Concentration\
                                             \[g\]     \[mL\]    \[mmol\]
  ------------------------------------------ --------- --------- ----------------
  **Solution A: Control**                                        

  D~2~O                                      49        44.3      2450

  25 % ammonia                               6.8       7.51      100

  ether‐diamine                              3.6       3.62      16

                                                                 

  **Solution B: Reaction in model bleach**                       

  D~2~O                                      31        28.0      1550

  25 % ammonia                               6.8       7.51      100

  (NH~4~)~2~S~2~O~8~                         21                  92

  H~2~O~2~ 30 %                              18        16.2      159

  ether‐diamine                              3.6       3.62      16
  -------------------------------------------------------------------------------
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Continuous gas development over at least 12 h, deriving from (NH~4~)~2~S~2~O~8~ and H~2~O~2~ decomposition in alkaline environment,[9](#open201800013-bib-0009){ref-type="ref"} negatively impacted the resolution of the spectra recorded at 0 and 12 h (for full spectra see the Supporting Information). After 12 h, the signal of a new molecular entity is clearly visible; whereas, only after 48 h, full resolution is regained. Details of the ^1^H NMR spectra of Solutions A and B after 48 h are displayed in Figure [2](#open201800013-fig-0002){ref-type="fig"}, and chemical shift assignments are depicted in Figure [3](#open201800013-fig-0003){ref-type="fig"}. The spectrum recorded for Solution B after 48 h suggests the presence of two main components: 1) unreacted diamine with a characteristic quintet signal at 1.97 ppm (notice that the protons chemical shifts for the diamine in Solution B are different from the ones in Solution A, because of the different chemical composition of the solutions in which the spectrum is recorded; cf. Figure [3](#open201800013-fig-0003){ref-type="fig"} a and 3 b); 2) a new molecule giving a quintet signal at 1.85 ppm, which is compatible with the azanyl ester derivative depicted in Figure [3](#open201800013-fig-0003){ref-type="fig"} b.

![a) H NMR spectrum of Solution A. b) H NMR spectrum of Solution B, after 48 h.](OPEN-7-319-g002){#open201800013-fig-0002}

![Chemical shift assignment for a) Solution A and b) proposed composition of Solution B after 48 hours.](OPEN-7-319-g003){#open201800013-fig-0003}

Preliminary LC--MS analysis of Solution B after 48 h revealed the presence of a molecular mass of 317 Da, which is compatible with the \[*M*+H\]^+^ for the proposed azanyl ester derivative. The newly formed molecule was subsequently isolated through preparative HPLC and analyzed by high‐resolution mass spectrometry, which showed a *m*/*z* value of 317.1372 against a theoretical value of 317.1377 (Δ=−1.54 ppm), thus confirming, together with ^1^H NMR and ^13^C NMR spectra (see the Supporting Information), the proposed structure for the main reaction product.

To gain insight into the behavior of the ether‐diamine over the standard application time of 40 min, we analyzed the reaction by using a tandem mass spectrometer. Operating the instrument in the negative mode, we first confirmed the presence of *m*/*z* of 315 after 40 min, which corresponds to the azanyl ester derivative. The fragmentation pattern of the molecule was also recorded, which is displayed in Figure [4](#open201800013-fig-0004){ref-type="fig"}.

![Azanyl ester derivative mass spectrum and proposed fragmentation pattern.](OPEN-7-319-g004){#open201800013-fig-0004}

The ions with *m*/*z* 96, 97, and 233 (the latter derives from a rearrangement of the parent ion leading to the loss of a hydrogen molecule) are characteristic for aliphatic azanyl esters.[10](#open201800013-bib-0010){ref-type="ref"}

By using a multiple reaction monitoring (MRM) method for the transitions *m*/*z* 315→97 and 315→80, we followed the formation of the reaction product through the time points 0, 10, 20, 30, and 40 min. The results are shown in Figure [5](#open201800013-fig-0005){ref-type="fig"} as peak area of *m*/*z* 315→97 versus time. A linear increase over the analyzed timeframe is pointed out.

![Semi‐quantitative analysis of the azanyl ester in a mixture of ether‐diamine and model bleach, at different time points.](OPEN-7-319-g005){#open201800013-fig-0005}

The ether‐diamine is marketed worldwide under the brand name of Olaplex Bond Multiplier No. 1, in which the molecule is formulated in water with maleic acid and other minor components. We decided to investigate the stability of the diamine when the commercial product is mixed with the bleach. A mass spectrometric MRM method coupled to reverse‐phase chromatography was developed for the quantification of the diamine in Olaplex, resulting in 9.15 % w/w. The same analytical method was used to monitor the molecule content at time points 0, 10, 20, 30 and 40 min, when Olaplex is mixed with a model bleach (excess of persulfate and peroxide; see the Supporting Information). The results are shown in Figure [6](#open201800013-fig-0006){ref-type="fig"}, expressed as diamine concentration in the bleach mixture versus time. The time point 0 min, which also served as a quality control, displayed a recovery value of 97.6 % and the linear correlation coefficient for a seven‐point calibration curve was 0.998. The diamine degradation found over 40 min was 17.5 %.

![Quantitative analysis of the ether‐diamine in a mixture of Olaplex and model bleach, at different time points.](OPEN-7-319-g006){#open201800013-fig-0006}

To assess the performance of the developed analytical method with a commercial bleach, we also attempted the analysis of the diamine content in a mixture of Olaplex, Blondor Multi‐Blond powder, an ammonium and sodium persulfate‐containing powder, and Welloxon Perfect 12 %, a hydrogen‐peroxide‐containing cream, prepared according to usage instructions for highlights, ^\[11\]^ which resulted in a 7.09±0.88 % depletion in diamine content between 0 and 40 min (the experiment was performed in duplicate). The highly complex matrix of a blend of Welloxon and Blondor imposes time‐consuming extraction and sample preparation steps prior to LC--MS analysis. Thus, time 0 min already contains partially reacted diamine, contributing to the low recovery value for this measurement (73.05±0.45 %).

Therefore, to avoid the challenges related to analyzing the real product, we recommend using a model bleach system for evaluating the stability of plex actives.

The formation of the azanyl ester could be explained by considering a radical mechanism, as suggested by the literature: it is acknowledged that persulfate in alkaline environment produces the sulfate radical anion,[12](#open201800013-bib-0012){ref-type="ref"} which can subsequently react with water or, at basic pH, with OH^−^, releasing hydroxyl radicals,[13](#open201800013-bib-0013){ref-type="ref"} which can in turn react with 1,13‐diamino‐4,7,10‐trioxatridecane, thus producing NH~2~−R−NH⋅.[14](#open201800013-bib-0014){ref-type="ref"} R indicates the 4,7,10‐trioxatridecane moiety. Finally, SO~4~ ^−.^ could react with NH~2~−R−NH⋅, thus forming the azanyl ester derivative.

Although consistent with the available literature, a radical mechanism as the main pathway of the formation of the azanyl ester would imply an additional high occurrence of more drastic cleavages, which are not observed in the H NMR spectra (after 12 to 144 h). We, therefore, explored an alternative mechanism through DFT calculations. More specifically, we hypothesized a nucleophilic substitution through an S~N~2 mechanism, as described in Scheme [1](#open201800013-fig-5001){ref-type="fig"}. Again, NH~2~−R−NH~2~ indicates the 1,13‐diamino‐4,7,10‐trioxatridecane.

![Proposed S~N~2 mechanism.](OPEN-7-319-g008){#open201800013-fig-5001}

To assess the possibility that this reaction can occur under our experimental conditions, we calculated the activation Gibbs free energy ($\Delta G^{\neq}$ ) and the reaction Gibbs free energy ($\Delta_{r}G$ ) by means of DFT calculations (the interested reader is referred to the Supporting Information for methodological details).

Keeping in mind the reaction time (about 40 min), a non‐prohibitive activation barrier was determined ($\Delta G^{\neq}$ =21.57 kcal mol^−1^), thus supporting the idea that the described S~N~2 mechanism might take place under the adopted experimental conditions. It is worth noting that a similar S~N~2 reaction mechanism has recently been hypothesized to occur between persulfate and a tertiary amine.[15](#open201800013-bib-0015){ref-type="ref"} The computed transition state geometry (TS) with an imaginary frequency equal to −245.43 cm^−1^ is depicted in Figure [7](#open201800013-fig-0007){ref-type="fig"} along with the free energy profile of the reaction. The TS was further confirmed by the intrinsic reaction coordinate calculation (IRC) reported in Figure S1 of the Supporting Information.

![Free energy profile (left) of the S~N~2 reaction mechanism and optimized geometry of the corresponding transition state (TS) computed at the B3LYP/6--311++G(d,p) level of theory (right). Solvent (water) and dispersion effects were taken into account through the integral equation formalism of the polarizable continuum model (PCM) and the GD3BJ model, respectively.](OPEN-7-319-g007){#open201800013-fig-0007}

In conclusion, we have performed a study to explore the reactivity of the 1,13‐diamino‐4,7,10‐trioxatridecane in a bleach containing ammonia, ammonium persulfate, and hydrogen peroxide. The main reaction product is an unexpected azanyl ester derivative, resulting from a so‐far‐undescribed reaction mechanism, as suggested by DFT calculations. We have shown that the azanyl ester is formed over a time period of 40 min and that the diamine contained in the commercialized product degrades by approximately 17 % over the same time, equivalent to 0.031 g, considering 2 g of Olaplex (1.875 mL recommended for full head service) containing 0.183 g of diamine.[11](#open201800013-bib-0011){ref-type="ref"}

Correspondingly, the data indicate that the azanyl ester represents a substantial fraction, considered relevant for the safety evaluation specially when used in cosmetic products. We want to emphasize that the systematic approach to the stability assessment of ether‐diamine can be generally reapplied for the analysis of molecules reacting under bleach conditions, such as plex actives.
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